L
ipopolysaccharide is an abundant and potently proinflammatory constituent of the outer membrane of Gramnegative bacteria. Systemic LPS exposure (endotoxemia) has been linked to inflammation and immune activation in a range of pathologies, including inflammatory bowel disease (1) and HIV infection (2) . Increasing evidence suggests that low-grade inflammation linked to LPS significantly slows or prevents wound healing and resolution of inflammation (3) . However, pretreatment with very low doses of LPS can have opposite effects and increase subsequent immune responses (4, 5) . Although multiple studies have shown correlates of immune activation with microbial translocation in HIV infection (2, 6) , it is difficult to dissociate immune activation linked to residual viral replication (7, 8) from that linked to microbial translocation and endotoxemia (2) . Consequently, the causality and directionality of these correlations remain unclear (9) .
LPS is recognized by TLR4 in conjunction with several accessory proteins that enable recognition of LPS to induce proinflammatory responses (10, 11) . Activation of TLRs can alter subsequent TLR responses by inducing tolerance or priming (12) . In vitro studies in human monocytes showed that exposure to LPS (TLR4) led to subsequent increased responses to ssRNA and inactivated HIV (TLR8) and vice versa, suggesting cross-priming between TLR4 and -8 (13) . These effects appear to be TLR specific, as no effects were observed for TLR2 (13) . Furthermore, in vitro studies in human dendritic cells showed synergistic and tolerizing interactions between TLR3, -4, and -8, depending on stimulus combinations and timing (14) . In addition, i.p. injections of LPS resulted in long-term hematopoietic stem cell senescence and compromised immunity in mice (15) , suggesting that interdependent effects of TLR activation are likely to alter immune functions in the context of constant/repeated TLR stimulation, as might be the case in chronic infections and recurrent subclinical endotoxemia.
Endotoxin tolerance has been extensively studied in vitro and in animals and is observed in humans during sepsis, septic shock, trauma, and meningococcal infections (16) . Less is known about the immunological response to subclinical doses of LPS (3) , and few studies have addressed the effects of different in vivo levels of endotoxemia on immune function in humans in the absence of pathologies or infections. Intravenous administration of LPS in healthy volunteers decreased the number of circulating lymphocytes in peripheral blood (17) . However, the study assessed the effects of a single high dose of LPS that caused clinical symptoms, including headache, chills, vomiting, myalgia, and fever, and therefore likely recapitulates the effects of acute bacteremia (18) , rather than frequent subclinical endotoxemia as has been observed in HIV infection and inflammatory bowel disease (1, 2) . A later study enrolled healthy male volunteers to establish a human in vivo model of endotoxin tolerance by i.v. administration of low doses of LPS for 5 consecutive days (19) . Although clinical symptoms (increased body temperature and heart rate) observed after LPS administration were significantly lower at day 5 compared with day 1 postinjection, symptoms at day 5 remained elevated above preinjection measurements on that day, suggesting this model does not completely recapitulate subclinical levels of endotoxin exposure.
We previously reported on a cohort of HIV-negative men with subclinical endotoxemia that correlated with decreased CD4/CD8 T cell ratio, elevated plasma cytokine levels, and markers of T cell exhaustion (20) . Using this HIV-negative population as an in vivo model of subclinical endotoxemia in the absence of confounding HIV infection and associated viral effects, we assessed the effects of subclinical endotoxemia on cellular immune functions ex vivo. Specifically, we characterized the effects of different in vivo endotoxemia levels at two different sample points on ex vivo T cell proliferation, monocyte cytokine secretion, TLR and HLA-DR expression, and TLR-induced phosphorylation of signaling pathways. In this study, we provide evidence that subclinical endotoxemia in HIV-negative subjects significantly alters T cell proliferative capacity, monocyte cytokine production, and HLA-DR expression, and induces TLR cross-tolerance by decreasing phosphorylation of MAPK pathway components. Furthermore, we show that LPS-driven constitutive cytokine production leads to activation of STAT1, suggesting that recurrent subclinical endotoxemia in healthy individuals might lead to significant changes in immune function that have thus far not been appreciated.
Materials and Methods
Study subjects and sample collection HIV-negative subjects were enrolled on institutional review boardapproved protocols at Fenway Health Boston and Massachusetts General Hospital. Peripheral blood samples were drawn into acid citrate dextrose vacutainer tubes (BD Biosciences, San Jose, CA). HIV-negative status was confirmed by OraQuick Advance HIV-1/2 Rapid Ab Test (OraSure Technologies, Bethlehem, PA) and Alere Determine HIV-1/2 Ag/Ab Combo (Alere, Waltham, MA). Blood was centrifuged and plasma collected and cryopreserved at 280˚C. PBMC were isolated by density gradient centrifugation as previously described (21) and either cryopreserved or processed for analysis by flow cytometry immediately after isolation. Subjects were grouped according to relative fold differences in plasma LPS at different time points. Subject characteristics are shown in Table I .
Tissue-culture reagents
Cells were cultured in RPMI 1640 supplemented with 10% (v/v) heatinactivated FBS (R10; both from Sigma-Aldrich). Human rIL-2 was obtained from the National Institutes of Health AIDS Research & Reference Reagent Program. The following reagents and stimuli were used in tissue culture: LPS from Escherichia coli, CL097 imidazoquinoline, heat-killed Listeria monocytogenes (HKLM), and ssRNA40/LyoVec (all from Invivogen, San Diego, CA), Dynabeads Human T-Activator CD3/CD28 beads (Life Technologies, Grand Island, NY), brefeldin A (Sigma-Aldrich), and GolgiStop (BD Biosciences). Cell proliferation was assessed by addition of CellTrace Violet BMQC dye (Life Technologies).
Flow cytometry staining and gating
Fresh or cryopreserved PBMC were stained with the following reagents, depending on the panel: LIVE/DEAD Fixable Red Dead Cell Stain and CellTracker Violet BMQC (both from Life Technologies), anti-CD4 (from BioLegend, San Diego, CA), anti-CD8 FITC, anti-CD3 BUV395, anti-CD3 FITC, anti-CD14 BUV395, anti-CD4 Brilliant Violet 605 (all from BD Biosciences), Fixable Viability Dye eFluor780, and anti-TLR2 PE-Cy7 (all from eBioscience). Following extracellular staining, cells were fixed and permeabilized with Fix/Perm Medium (Life Technologies) and stained for intracellular anti-Ki67 Alexa Fluor 647 (BD Biosciences), anti-TLR9 allophycocyanin (eBioscience), anti-TLR7 FITC (Thermo Scientific, Tewksbury, MA), and anti-TLR8 PE (Abcam, Cambridge, U.K.) according to the manufacturer's instructions. Samples were acquired on a BD LSRII flow cytometer using BD FACSDiva software (BD Biosciences). Cytometer settings were kept consistent by tracking laser voltages using UltraRainbow Fluorescent Particles (Spherotech, Lake Forest, IL). Compensation settings were assessed using BD CompBead particles (BD Biosciences) and compensation calculated and applied in FACSDiva software (BD Biosciences). Samples were analyzed using FlowJo Flow Cytometry Analysis Software (Tree Star, Ashland, OR). Gating strategies: 1) confirmation of CD33 enrichment/depletion: PBMC were gated on forward light scatter (FSC) versus side scatter (SSC), followed by CD3-negative or -positive cells, and CD14 versus CD16 (for CD3-negative) and CD4 versus CD8 (for CD3-positive) as shown in Supplemental Fig. 2 
Monocyte enrichment and stimulation
Cryopreserved PBMC were thawed, washed twice with R10, and enriched/ depleted for monocytes using the EasySep Human CD33 Positive Selection Kit according to the manufacturer's instructions (Stemcell Technologies, Vancouver, BC, Canada) and as previously described (22) . CD33-enriched (CD33 enr ) cells were plated at 10 6 cells/ml in flat-bottom tissue-culture plates (Fisher Scientific, Pittsburgh, PA) and stimulated with R10 (vehicle), LPS (10 ng/ml), CL097 (1 mg /ml), HKLM (10 8 cells/ml), or ssRNA (5 mg/ml) for 18 h at 37˚C and 5% CO 2 . Supernatants were removed and stored at 280˚C.
T cell proliferation assay
Cryopreserved PBMCs were thawed and washed twice with R10 and resuspended at 10 6 cells/ml in R10 supplemented with rIL-2 (50 U/ml). Cells were stained with 0.5 mmol CellTrace Violet dye according to the manufacturer's instructions and subsequently stimulated with R10 (vehicle) or anti-CD3/CD28 Dynabeads (cell/bead ratio 1:1) for 3, 4, or 5 d at 37˚C, 5% CO 2 . Following stimulation, cells were washed, stained, and fixed for flow cytometry as outlined above. Division cycles were calculated using FlowJo software (Tree Star), and proliferation levels were adjusted for cell number per division at each time point as previously described (23) .
Cytokine multianalyte assays
Cytokine and chemokine expression levels in supernatants were measured in duplicate using a Milliplex Human Cytokine/Chemokine 29-Plex Magnetic Bead Panel according to the manufacturer's instructions (Millipore, Chicago, IL). Samples were acquired on a Bio-Plex 3D Suspension Array System (Bio-Rad, Hercules, CA) and xPonent software (Luminex, Austin, TX) and analyzed using Bio-Plex Manager software version 6.0 (Bio-Rad). Samples in which technical duplicates had a differential of the mean/SD #2 were excluded and cytokine measurement repeated. Extrapolated values below the range of the standard curve were set at assay detection minimum (3.2 pg/ml). enr monocytes were isolated as described above and stimulated with LPS (10 ng/ml) for 0, 15, 30, and 60 min following overnight rest in the presence or absence of 1 mg/ml brefeldin A and 50 ng/ml GolgiStop (BD Biosciences). Cell supernatants were removed and cells lysed in a kit-specific lysis buffer containing phosphatase inhibitors (Millipore) with 1:100 protease inhibitor mixture added (Millipore). Cell lysates were stored at 280˚C. Samples were acquired on a Bio-Plex 3D Suspension Array System (Bio-Rad) and xPonent software (Luminex, Austin, TX) and MFI of bound Abs used as a readout for levels of phosphorylation.
Analysis of phosphorylation patterns following TLR stimulation

Plasma endotoxin quantification
Plasma endotoxin levels were assessed using the Pierce LAL Chromogenic Endotoxin Quantitation Kit (Thermo Scientific, Pittsburgh, PA) according to the manufacturer's instructions. Endotoxin-masking plasma factors were deactivated by sonication and heat inactivation at 75˚C. OD was measured at 405 nm using a Sunrise/Magellan plate reader data analysis software (Tecan Group, Männedorf, Switzerland). Standard curve calculations and endotoxin unit (EU) extrapolations were performed in Prism (GraphPad Software, La Jolla, CA) with background levels subtracted. Endotoxin negative values of zero were set to 0.01 EU/ml to allow graphing on a logarithmic scale.
Statistical analyses
Statistical analyses and graphic outputs were generated using Prism (GraphPad Software), Microsoft Excel (Microsoft Corporation, Redmond, WA), and JMP 11.2.0 (SAS Institute, Cary, NC). Gaussian sample distributions were assessed by Shapiro-Wilk normality test. Results were considered significant at p , 0.05 and indicated as follows: *p , 0.05, **p , 0.01, and ***p , 0.001. Contingency distributions were analyzed by x 2 test for trend or two-sided Fisher exact test. Two-way comparisons were performed using paired or unpaired two-tailed t test or Mann-Whitney U test. Group comparisons were performed by one-way ANOVA with HolmSidak multiple-comparisons test or by two-way ANOVA for repeated measures with Holm-Sidak posttest. For two-way ANOVA analyses, significant differences within group to baseline are signified as follows:
‡ p , 0.05, ‡ ‡ p , 0.01, and ‡ ‡ ‡ p , 0.001. Correlation analyses were performed using Spearman rank correlations. Partial least-square discriminant analysis (PLSDA) (24) with stepwise variable selection was used to determine multivariate cytokine profiles comparing different time points. Partial least-squares regression transforms a set of correlated explanatory variables into a new set of uncorrelated latent (i.e., combined) variables and determines a multilinear regression model by projecting the predicted variables and their corresponding observed values into the resulting new space. Accordingly, each sample is assigned a score that can be visualized using score plots. Latent variable loading plots can then be used to identify cytokine profiles that associate with the different time points. Prior to multivariate analysis, all data were normalized with mean centering and variance scaling. This involves subtracting the mean from each data column and dividing each column by its SD, respectively. These normalization approaches are designed to reduce bias toward variables with naturally higher raw values or variance. Cross-validation was performed by iteratively excluding random subsets during model calibration and then using those data samples to test model predictions.
Results
In vivo levels of endotoxin alter CD4 + and CD8 + T cell proliferation We recently reported a high incidence of subclinical endotoxemia in a cohort of HIV-negative men (20) . Endotoxin levels detected in this particular cohort were comparable to those observed in HIV-positive individuals (Supplemental Fig. 1 ), making this study population ideal for modeling in vivo effects of subclinical endotoxemia on immune cell function in the absence of HIV infection and associated viral effects. Presence of plasma endotoxin was associated with significantly decreased frequencies of CD4 + Ki67
+ and CD8 + Ki67 + T cells (Fig. 1A, 1B) , suggesting decreased in vivo proliferation in subjects with detectable plasma LPS. This effect was dose dependent, as levels of plasma LPS (EU/ml) correlated negatively with both CD4 + Ki67 + and CD8 + Ki67 + T cells in freshly isolated PBMCs (Fig. 1C) . In order to study the effects of subclinical endotoxemia in these HIV-negative subjects in more detail, we divided the subjects into two groups based on differences in plasma LPS levels collected 1 mo apart (Fig. 1D,  1E ). Group 1 included seven subjects with .10 EU/ml in one sample (LPS hi) and ,10 EU/ml in the other sample (LPS lo time point), whereas group 2 contained subjects with similar levels of plasma LPS (,10 EU/ml) in both samples (termed LPS med and lo; Fig. 1D, 1E , Table I ). We next assessed the proliferative capacity of CD4 + and CD8 + T cells in both groups following stimulation.
Ex vivo proliferative capacity of CD4 + and CD8 + T cells is altered by plasma LPS levels PBMCs were stimulated with anti-CD3/CD28 Dynabeads in vitro for 3, 4, and 5 d, and proliferation of CD4 + and CD8 + T cells was assessed. Division cycles of the parent population were calculated and adjusted for cell number per division at each time point as previously described (23) . At day 3 poststimulation, CD4 + T cells from LPS hi samples (group 1) had undergone fewer division cycles compared with the matching LPS lo samples (x 2 test: p , 0.05; Fig. 2A ). This difference was increased by day 4, at which time 39.1, 7.1, 2.4, and 1% of CD4 + T cells from the LPS hi samples had gone through 1, 2, 3, and 4 division cycles, respectively, compared with the LPS lo samples, of which 20.6, 16.4, 8.7, and 2.3% of CD4 + T cells had divided 1, 2, 3, and 4 times, respectively (x 2 test: p , 0.01; Fig. 2A ). This difference was lost at day 5, at which time both LPS hi and LPS lo samples in group 1 had gone through similar numbers of division cycles following stimulation ( Fig. 2A) . In contrast, CD4 + T cells from group 2 (LPS med versus LPS lo) divided at similar rates upon stimulation by day 3, with a transient increase in division cycles observed for the LPS med samples at day 4 (x 2 test: p , 0.01; Fig. 2B ), which was lost by day 5 poststimulation. No significant differences in proliferation of CD8 + T cells were observed between LPS hi and LPS lo samples from group 1 at days 3, 4, or 5 poststimulation (Fig. 2C ). Similarly to patterns observed for CD4 + T cells from group 2, CD8 + T cells from group 2 (LPS med versus LPS lo) divided at similar rates upon stimulation by day 3, but CD8 + T cells exposed to slightly elevated levels of LPS in vivo (LPS med) proliferated at increased rates compared with CD8 + T cells from matched LPS lo samples at days 4 (x 2 test: p , 0.05; Fig. 2D ) and 5 (x 2 test: p , 0.05; Fig. 2C ). Taken together, these data indicate that higher levels of subclinical LPS can delay initial levels of CD4 + T cell proliferation upon stimulation, whereas intermediate levels of subclinical LPS can reduce proliferation of stimulated CD8
+ T cells at later time points. Changes in the proliferating capacity of T cells might be due in part to alterations in cytokine environment in vivo, and therefore, we looked at the impact of LPS on monocyte cytokine responses in vitro.
Subclinical endotoxemia levels dictate ex vivo monocyte cytokine secretion profiles and induce cross-tolerance to TLR2, TLR7, and TLR8
One of the hallmarks of LPS tolerance is altered cytokine production by monocytes upon stimulation, and monocytes from patients with sepsis show drastically decreased production of several proinflammatory cytokines, including TNF-a, IL-6, IL-1a, IL-1b, and IL-12 upon ex vivo LPS challenge (16) . Monocytes were isolated using a CD33 Ab (22) , which resulted in significant enrichment of CD14 + and CD16 + monocyte populations in the CD33 enr fraction (Supplemental Fig. 2 ). CD33 enr monocytes were cultured with or without stimuli and cytokine secretion in supernatants assessed by multiplex assay for 29 human cytokines and chemokines. PLSDA revealed distinct separation between monocytes from LPS hi and lo samples in group 1 (red and navy blue squares), as well as between LPS med and lo samples for group 2 (light blue and navy blue triangles; Fig. 3A ), suggesting significantly different cytokine secretion profiles ex vivo in the absence of stimulation, which are dictated by the LPS levels the cells were exposed to in vivo. Separation of LPS samples by PLSDA was driven by secretion of several proinflammatory cytokines, including IL-6, MIP-1a, MIP-1b, IFN-a2, and TNF-a (Table II) . Accordingly, monocytes from LPS hi samples (group 1) secreted significantly elevated levels of IL-6, MIP-1a, MIP-1b, IFN-a2,  TNF-a, G-CSF, GM-CSF, IFN-g, IL-10, IL-1a, IL-1b, and IL-8 The Journal of Immunologycompared with matched LPS lo samples (Fig. 3B) . In contrast, monocytes from LPS med and LPS lo samples in group 2 produced similar levels of cytokines (Fig. 3B) . All LPS groups secreted similar levels of IP-10, IL-7, IL-12p70, IL-12p40, MCP-1, eotaxin, IL-13, IL-15, IL-17, IL-2, IL-3, IL-4, IL-5, and TNF-b (data not shown). Next, monocyte cytokine secretion after stimulation with different TLR ligands was analyzed. Analysis of cytokine secretion patterns following stimulation with LPS (TLR4), HKLM (TLR2), CL097 (TLR7/8), and ssRNA (TLR7/8) by PLSDA revealed separation of the different samples in both groups according to the in vivo plasma LPS levels they were exposed to (Supplemental Fig. 3A) . Monocyte cytokine secretion levels above those observed in unstimulated cells (shown in Fig.  3B ) were assessed as fold change for each sample. In line with previous reports from in vitro LPS tolerance models and monocytes from patients with sepsis (16), monocytes from LPS hi Subject demographics for all subjects (n = 30) and for subjects in group 1 (n = 7) and group 2 (n = 7) are shown. Demographics shown include minimum, maximum, and average age (years) per group, distribution of ethnicities within each group, as well as plasma endotoxin data. Endotoxin data shown are average levels (EU/ml) per sample point for each group, as well as the overall range within each group (EU/ml) and average fold difference between matches sample points within each group. 
T cells (clear circles) with plasma LPS (EU/ml). (D)
Plasma LPS levels (EU/ml) for each subject (n = 30) at two different sample points are shown. Subjects with EU/ml .10 in one of the two samples were assigned to group 1 (n = 7), and subjects with EU/ml ,10 in both samples and with minimal difference in LPS levels were assigned to group 2 (n = 7). (E) Schematic illustration of sample allocation into groups 1 and 2 using individuals #2 and #27 (from Fig. 1D ) as examples. Statistical analyses were performed using unpaired Mann-Whitney U test and Spearman rank correlation. Significance is indicated as *p , 0.05 and **p , 0.01.
samples did not significantly increase cytokine production after LPS stimulation, whereas monocytes from the matching LPS lo samples (group 1) increased cytokine production (except for IL-8) by ∼8-to ∼150-fold (Fig. 3C) . Interestingly, production of antiinflammatory IL-10 in response to LPS stimulation did not increase in monocytes from LPS hi samples (Fig. 3C) , which is contradictory to previous observations in LPS tolerance (16) . Changes in cytokine production (other than IL-8) following stimulation with HKLM, CL097, and ssRNA were also lower in monocytes from LPS hi samples compared with matched monocytes from LPS lo samples (Fig. 3C) . Induction of cytokines following stimulation with LPS, HKLM, CL097, and ssRNA was similar in monocytes from matched LPS med and lo samples from group 2 (Supplemental Fig. 3B ). These data suggest that monocytes exposed to higher levels of subclinical LPS in vivo produce high levels of proinflammatory cytokines and are refractory to further stimulation through different TLRs.
In vivo LPS levels induce changes in HLA-DR, but not TLR, expression on monocyte subsets
Tolerance to LPS has been linked to changes in TLR surface expression, transient reductions in circulating monocytes, and decreased surface expression of HLA-DR (16, 25) , which in turn can lead to decreased Ag presentation and impaired T cell proliferation (26) . We therefore assessed whether in vivo LPS levels had altered circulating monocyte populations and their TLR and HLA-DR expression levels. Monocyte populations were defined as CD14 + CD16 2 , CD14 + CD16 + , and CD14 dim CD16 + monocytes as previously described (27) (Fig. 4A) . No differences in monocyte population frequencies between samples were observed (data not shown). Furthermore, analyses of surface expression levels of TLR2 and -4 and intracellular expression levels of TLR7 and -8 assessed by flow cytometry (MFI) revealed similar levels of TLR expression on all monocyte subsets (Supplemental Table I ). We subsequently analyzed levels of HLA-DR expression on monocyte populations by flow cytometry (Fig. 4B) (Fig. 4D ). No differences in HLA-DR expression on CD14 + CD16 2 monocytes were observed between samples in group 2 (Fig. 4D) . Overall, these data suggest that in vivo LPS levels alter monocyte MHC class II expression levels on CD14 + CD16 2 and CD14 dim CD16 2 monocytes, but do not alter monocyte expression of TLR2, -4, -7, -8, and -9, implying that differences in cytokine expression in response to TLR stimulation likely involve mechanisms downstream of TLRligand binding.
Elevated plasma endotoxin levels alter MAPK and transcription factor phosphorylation patterns and result in constitutive STAT1 phosphorylation through autocrine cytokine feedback mechanisms
Several studies have shown decreased activation of MAPK and NF-kB signaling pathways in LPS-tolerant monocytes (16, 25) . Phosphorylation patterns of signaling molecules downstream of TLR4 were analyzed by multiplex assay (28) in CD33 enr monocytes stimulated with LPS for 0, 15, 30, and 60 min. Following LPS stimulation, phosphorylation of MAPK pathway components mitogen-activated protein kinase kinase 1, p38, and MSK1 increased significantly over unstimulated cells within 30-60 min in monocytes from LPS lo samples in group 1 and both samples in group 2 (Fig. 5A) , whereas monocytes from LPS hi samples (group 1) were refractory to LPS stimulation, and no significant increases in phosphorylation were observed (Fig. 5A) . Phosphorylation of HSP27 was significantly increased within 30 min of stimulation in monocytes from group 2 and in monocytes from LPS lo samples in group 1, but not in monocytes from LPS hi samples in group 1 (Fig. 5B) . Furthermore, HSP27 phosphorylation at 60 min was significantly higher in LPS lo compared with LPS hi monocytes (group 1, Fig. 5B) . Similarly, monocytes from LPS hi samples (group 1) did not increase phosphorylation of Fig. 5C ). Remarkably, baseline phosphorylation of STAT1 was significantly elevated in monocytes from LPS hi samples compared with monocytes from LPS lo samples in group 1, as well as compared with baseline levels of LPS med and LPS lo monocytes from group 2 (Fig. 5C) . Levels of STAT1 phosphorylation in monocytes from LPS hi samples did not change and remained significantly elevated above all other groups at 15, 30, and 60 min poststimulation (Fig. 5C ). Because STAT1 phosphorylation is not driven directly by TLR4 signaling, we investigated whether constitutive activation of STAT1 in the LPS hi monocytes was due to autocrine signaling in response to elevated cytokine secretion observed in these cells (Fig. 3) . Monocytes were cultured in the presence of brefeldin A and GolgiStop (BD Biosciences) overnight to inhibit cytokine secretion and subsequently stimulated with LPS. In line with our hypothesis, inhibition of cytokine secretion significantly reduced STAT1 phosphorylation in LPS hi monocytes at baseline and following LPS stimulation (Fig. 6) . Taken together, these data suggest that elevated in vivo LPS levels significantly reduce phosphorylation of signaling pathways downstream of TLR4 in monocytes and lead to constitutive activation of STAT1 through autocrine cytokine signaling in these cells.
Discussion
In this study, we characterized the effects of different levels of naturally occurring subclinical endotoxemia on immune function in HIV-negative subjects. Previous studies have used animal and human models of LPS tolerance by administration of one or several doses of LPS (15, 17, 19) associated with clinical symptoms. Little is known about the effects of low doses of LPS on immune function in humans without clinical symptoms (3), and this is the first report, to our knowledge, using a cohort with naturally occurring subclinical endotoxemia. We show in this study that subclinical endotoxemia alters T cell proliferation, monocyte cytokine production, and HLA-DR expression. The levels of plasma LPS that cells were exposed to furthermore induced tolerance to TLR4, TLR2, and TLR7/8 stimulation by decreasing phosphorylation of MAPK pathway components and transcription factors ATF2 and c-JUN. Moreover, our data indicate that LPS-induced cytokine production contributes to constitutive activation of STAT1, suggesting that frequent exposures to subclinical LPS in otherwise healthy individuals might lead to significant changes in immune function.
Frequencies of Ki67 + T cells correlated negatively with plasma LPS levels, suggesting that levels of LPS were associated with reduced T cell proliferation in vivo. Our data are discordant with a study reporting a positive correlation between Ki67 + CD38 + CD4 + and Ki67 + CD38 + CD8 + T cells and plasma LPS in HIV-positive immunologic nonresponders on antiretroviral therapy (29) and further highlight the need to study endotoxemia effects in HIVnegative subjects, allowing delineation of LPS effects in the absence of coinfections or other pathologies. This, in turn, will provide better insight into the possible contribution of low-level LPS to immune activation observed in HIV-positive patients (as opposed to effects of ongoing low-level viral replication). We hypothesize that the observed discrepancy between this study and ours is due to viral or treatment effects in the cohort described by Marchetti et al. (29) , which are not present in our HIV-negative cohort. We further showed that CD4 + and CD8 + T cells exposed to intermediate levels of LPS in vivo proliferated at higher levels following stimulation in vitro compared with those exposed to lower LPS levels. Such differential effects of LPS have been reported previously, when pretreatment with high or low doses of LPS lead to reduced or augmented responses to a second dose, respectively (4, 5) . Our data suggest that different levels of subclinical endotoxemia might have substantial effects on T cell responses to infections, depending on the type and timing of stimulus and endotoxin levels present.
Our results showing refractory cytokine responses following TLR4 stimulation of monocytes exposed to LPS in vivo are in line with the literature (16) . We further showed tolerization of monocytes stimulated with TLR2 and TLR7/8 ligands, supporting previous reports of LPS-induced cross-tolerance (13, 14) . A more remarkable observation was that even though monocytes from LPS hi samples were refractory to further stimulation, they produced very high levels of proinflammatory cytokines in the absence of stimulus, even though these cells had not been exposed to LPS since isolation. In fact, plasma (and any LPS present) was removed during isolation of PBMCs from fresh blood, and cells were subsequently washed multiple times during cryopreservation, thawing, enrichment for CD33 + cells, and before culture in sterile media for 18 h. These observations suggest that cells retained their LPS-stimulated state for a considerable amount of time in the absence of contemporaneous TLR signaling. This is in line with studies showing that exposure to LPS for 1 h was sufficient to induce a refractory state to further LPS challenges in human monocytes for at least 5 d in vitro (30) . Such long-lasting phenotypic changes suggest substantial effects on monocyte function, as further evidenced by changes in HLA-DR expression on monocyte subsets, which in turn has been linked to decreased Ag presentation and impaired T cell proliferation in human monocytes tolerized to LPS in vitro (26) .
LPS tolerance in murine cells has been linked to changes in TLR4 transcripts (31) and TLR surface expression (32) . Another study reported changes in NF-kB and c-JUN phosphorylation, but not downregulation of surface TLR4 (33) . In the current study, signaling through the MAPK pathway and downstream transcription factors was impaired in refractory monocytes, whereas TLR expression levels remained unchanged. Interestingly, elevated levels of cytokine secretion in the absence of stimulus did not translate to increased baseline MAPK signaling. However, monocytes exposed to higher levels of LPS in vivo had significantly increased baseline phosphorylation of STAT1, suggesting constitutive activation of this transcription factor in the refractory monocytes. This activation is not driven directly by TLR4 signaling, but is rather due to autocrine signaling in response to LPS-FIGURE 6. STAT1 phosphorylation in LPS hi monocytes is driven by autocrine cytokine signaling. CD33 enr monocytes were cultured in in the presence (+) or absence (2) of brefeldin A (BFA; 1 mg/ml) and GolgiStop (GS; 50 ng/ml) and left unstimulated or stimulated with LPS (10 ng/ml) for 60 min. Cell lysates were analyzed for phosphorylation of STAT1 by multiplex assay. Fold changes in STAT1 phosphorylation relative to unstimulated, untreated LPS hi monocytes are shown for group 1 (no pattern) and group 2 (hashed bars) comparing LPS hi (clear bars), LPS lo (gray bars), LPS med (hashed clear bars), and LPS lo (hashed gray bars). Statistics: paired comparisons were performed by one-way ANOVA with Holm-Sidak multiple comparison posttest. Significant differences are indicated as **p , 0.01 and ***p , 0.001. driven cytokine production. STAT1 is phosphorylated in response to IFNs, growth factors, and other cytokines, including IL-6 (34) and IL-13 (35) . However, because we did not observe any differences in IL-13 production between LPS hi and lo monocytes, it is unlikely that increased STAT1 phosphorylation in this cohort is due to IL-13 signaling. Activation of STAT1 is critical for immunity against both viral and mycobacterial infections, but constitutive phosphorylation of STAT1 has been linked to both autoimmunity as well as impaired development of IL-17-producing T cells and increased susceptibility to Candida albicans (34) .
Recent studies have introduced the concept of trained immunity, by which pretreatment with small doses of LPS prime the innate immune system for subsequent challenge, leading to beneficial outcomes in subsequent infections (36, 37) . However, this process is thought to involve changes in circulating monocyte subpopulations from CD14 + CD16 2 to CD14 dim CD16 + , changes in expression levels of pattern recognition receptors such as TLRs, and different functional phenotypes characterized by a switch in cytokine expression profiles rather than changes in overall amounts of the same cytokines (36), none of which was evident in this cohort exposed to different levels of subclinical LPS. Circulating monocytes have important effector functions during homeostasis (38) and during infections (39) , and our data indicate that elevated levels of subclinical LPS may induce an inflammatory state characterized by increased cytokine production and consequent STAT1 activation rather than a beneficial priming state, which might be promoted by lower levels of subclinical endotoxemia. This in turn has been postulated to contribute to reduced wound healing and multiple pathologies, including atherosclerosis, diabetes, and rheumatoid arthritis in populations with frequent elevated levels of plasma endotoxin (3) . Furthermore, recent evidence suggests that exposure to LPS and IFN-g (which is produced by the LPS hi monocytes) enhances myeloid-derived suppressor cell function, which in turn leads to suppression of CD8 + T cell proliferation in mice (40) . This is in line with our observations of decreased ex vivo CD8 + Ki67 + T cell frequency with subclinical endotoxemia (Fig. 1) . Finally, STAT1 inhibition was shown to increase myeloid-derived suppressor cell infiltration into lungs after bacterial infections (41) , suggesting an important role for this signaling pathway in the resolution of inflammation. This in turn indicates that constitutive activation of STAT1 observed in LPS hi monocytes could have detrimental effects for the resolution of inflammation in response to pathogens or allergens in these subjects, warranting further investigations into LPS effects and possible treatment with LPS-neutralizing agents (42) .
